The nano-mechanical properties of as-deposited Cu/Si thin films indented to a depth of 2000 nm are investigated using a nanoindentation technique. The nanoindented specimens are annealed at a temperature of either 160 C or 210 C, respectively. The microstructures of the asdeposited and annealed samples are then examined via transmission electron microscopy (TEM). The results show that both the loading and the unloading regions of the load-displacement curve are smooth and continuous, which suggests that no debonding or cracking occurs during nanoindentation. In addition, the hardness and Young's modulus of the Cu/Si thin films are found to vary with the nanoindentation depth, and have maximum values of 2.8 GPa and 143 GPa, respectively, at the maximum indentation depth of 2000 nm. The TEM observations show that the region of the Cu/Si film beneath the indenter undergoes a phase transformation during the indentation process. In the case of the as-deposited specimens, the indentation pressure induces a completely amorphous phase within the indentation zone. For the specimens annealed at a temperature of 160 C, the amorphous nature of the microstructure within the indented zone is maintained. However, for the specimens annealed at a higher temperature of 210 C, the indentation affected zone consists of a mixture of amorphous phase and nanocrystalline phase. Copper silicide (-Cu 3 Si) precipitates are observed in all of the annealed specimens. The density of the -Cu 3 Si precipitates is found to increase with an increasing annealing temperature.
Introduction
As micro-electro-mechanical systems (MEMS) techniques continue to mature, the fabrication of thin-film structures has become commonplace in the microelectronics and optoelectronics fields. [1] [2] [3] It is well known that the mechanical properties and microstructural characteristics of thin-film materials differ quite significantly from those of bulk materials, and generally vary in accordance with the fabrication process, 4) the substrate effect, 5, 6) the film thickness, 7, 8) the interface structure, 9, 10) and so on. Therefore, in optimising the thin-film structures used in MEMS and integrated circuit (IC) applications, it is necessary to study the mechanical properties and microstructure of the thin-film system at an appropriate (i.e. nanometer) scale.
Nanoindentation provides a convenient means of analysing the mechanical properties of both bulk materials and thin films. 11, 12) Previous studies have shown that the indentation process results in a pressure-induced phase transformation of the material directly beneath the indenter, which has a direct effect on the characteristics of the corresponding loaddisplacement curve. 10, 13) Furthermore, it has been shown that the indented microstructure of an as-deposited specimen can be modified via the application of a suitable annealing temperature. 12, 13) Amongst all the face-centered cubic (fcc) materials, copper (Cu) tends to be one of the most commonly used for the coating of silicon substrates in the fabrication of modern electronic devices dues to its high chemical stability, low resistivity, good patterning ability, good reliability, ready availability, and low cost. 14, 15) Various physical and chemical methods have been proposed for the fabrication of Cu/Si systems with coherent layers. [16] [17] [18] [19] It is known that the bonding strength of the Cu/Si system is enhanced via the precipitation of copper silicide particles via a solid state reaction when the interface between the thin Cu film and the Si substrate is heated to a sufficient temperature. Accordingly, this study investigates the nano-mechanical properties of as-deposited Cu/Si samples indented to a depth of 2000 nm and then anneals the indented samples at temperatures of either 160 C or 210 C, respectively. Thereafter, the microstructures of the as-deposited and annealed samples are examined via transmission electron microscopy (TEM) in order to examine the effects of the annealing temperature on the microstructural evolution of the indented specimens and the degree of copper silicide formation.
Experimental Procedure
The Cu/Si thin-film specimens were fabricated by depositing a Cu film with a thickness of approximately 800 nm on a Si (100) substrate using an evaporation deposition technique. The thickness of the Cu film was monitored continuously during the deposition process using a quartz-crystal microbalance, and was confirmed following fabrication using an X-ray reflectometry technique. The nanoindentation tests were performed using an MTS Nanoindenter XP system fitted with a Berkovich diamond pyramid tip. The loadingunloading procedure involved the following steps: (1) impressing the indenter into the Cu/Si system until the position of maximum indentation was achieved (2000 nm); (2) holding the indenter in this position for 10 s; and (3) smoothly withdrawing the indenter from the specimen over a period of 30 s. The corresponding load-displacement data were then used to determine the hardness and Young's modulus of the Cu/Si thin film in accordance with the method proposed by Oliver and Pharr. 20) Following the nanoindentation tests, the specimens were annealed at a temperature of either 160 C or 210 C for 2 min in a rapid thermal annealing (RTA) system. During the annealing process, purified nitrogen gas (99.999%) was passed through the furnace at a flow rate of 3 L/min. Thin foil specimens of both the as-deposited samples and the annealed samples were prepared using an FEI Nova 200 focused ion beam (FIB) milling system with a Ga þ ion beam and an operating voltage of 30 keV. The cross-sectional microstructures of the various specimens were then observed using a Philips Tecnai F30 Field Emission Gun Transmission Microscope operated at 300 keV.
Results and Discussion
Figure 1 presents a TEM micrograph of the as-deposited Cu/Si thin-film system. Note that the Pt layer on the surface of the Cu thin film serves to protect the indentation region from accidental damage by the ion beam while preparing the TEM samples. As shown in the selected area diffraction (SAD) patterns presented in the upper-left and upper-right corners of Fig. 1 , respectively, the substrate has a single-crystal structure, while the Cu film has a polycrystalline structure. The as-deposited Cu thin film has a tensile residual stress with a magnitude of approximately 280 MPa, as measured using a polarisation phase shift technique. 21) Figure 2(a) presents the loading-unloading curve for the as-deposited Cu/Si thin film when indented to a depth of 2000 nm. It can be seen that both the loading and the unloading regions of the curve are smooth and continuous, which suggests that no debonding or cracking occurs during the indentation process. Moreover, the virtually vertical slope of the unloading curve indicates that the plastic deformation of the Cu/Si thin film during the loading process is followed by a very weak elastic return in the unloading step. Finally, the slight elbow feature in the final portion of the unloading curve suggests that the silicon substrate transforms from a diamond cubic like structure to an amorphous structure in the indentation affected zone. Note that this inference is consistent with the finding in Refs. 22, 23) that the formation of amorphous phase upon unloading is accompanied by a elbow feature (i.e. a change in slope). Furthermore, the present findings are supported by the evidence of phase transformation within residual indents obtained via Raman spectroscopy. 22, 24, 25) Figure 2(b) illustrates the variation of the hardness of the Cu/Si thin-film system with the nanoindentation depth. At very low indentation depths, the film has an extremely high hardness (4.4 GPa) due to the indentation size effect. 26) However, as the indentation depth increases, the hardness reduces to a minimum value of approximately 0.8 GPa. Thereafter, the hardness increases linearly to around 2.8 GPa at the final indentation depth of 2000 nm. It is noted that this hardness value is greater than that of a pure Cu thin film (i.e. 0:5 $ 1:7 GPa), 27) but lower than that of an uncoated Si (100) substrate (i.e. 12.8 GPa).
28) The reduction in the final hardness value of the Cu/Si system relative to that of a pure silicon substrate can be attributed to the presence of the Cu layer on the Si substrate, which has a softening effect. Figure 2 (c) plots the variation of the Young's modulus of the Cu/Si system against the nanoindentation depth. It is observed that the Young's modulus has a relatively high value of 110 GPa for all indentation depths less than 10 nm due to a poorly calibrated tip area function. 29) However, as the indenter penetrates more deeply into the Cu layer, the Young's modulus rapidly reduces to a value of approximately 20 GPa before increasing to a maximum value of approximately 143 GPa at the maximum indentation depth of 2000 nm as a result of the strain gradient hardening effect. 30) The overall tendencies of the Young's modulus curve are governed by the substrate effect. Moreover, the presence of the Cu layer on the upper surface of the Si substrate reduces the final value of the Young's modulus compared to that of an uncoated Si (100) substrate (i.e. 169.0 GPa). 28) However, the Young's modulus of the Cu/Si system is still significantly higher than that of a pure Cu thin film (i.e. 99 $ 123 GPa). Figure 3 (a) presents a cross-sectional TEM image of an as-deposited, indented specimen. The insets in the upperright and upper-left corners of Fig. 3(a) show the TEM diffraction patterns of the regions of the specimen indicated by the white squares A and B, respectively. The results show that in the as-deposited condition, the indentation affected zone of the Cu/Si system has an amorphous phrase, while the silicon substrate has a diamond cubic structure. The amorphous phase within the indentation affected zone is confirmed by the high-resolution TEM micrograph shown in Fig. 3(b) . Figure 4 (a) presents a TEM micrograph of the indented microstructure of a Cu/Si specimen annealed at a temperature of 160 C for 2 min. It can be seen that following the annealing process, the microstructure of the indentation affected zone is still composed entirely of amorphous phase (see also the high-resolution TEM micrograph presented in Fig. 4(b) ). Figure 5 (a) presents a high-magnification TEM micrograph of the indentation affected zone and shows that the annealing temperature of 160 C prompts the uniform precipitation of copper silicide (-Cu 3 Si) particles in the upper region of the indented zone (as indicated by arrow in Fig. 4(a) ). Figure 5 (b) presents a high-resolution TEM micrograph of the -Cu 3 Si precipitates in Fig. 5(a) . It can be seen that the indented matrix microstructure surrounding the -Cu 3 Si precipitate has an amorphous phase, while the precipitate itself has a crystalline structure (as confirmed by the diffraction spots in the diffraction pattern shown in the inset in Fig. 5(b) ). The lattice spacing of the -Cu 3 Si precipitates is found to be 0:201 AE 0:002 nm, which is in good agreement with the results reported by Bouayadi et al., 31) and is close to the value of the {110} plane spacing given in the literature (i.e. 0.202 nm). 32) Figures 6(a) and 6(b) present TEM micrographs of the indentation affected zone in a specimen annealed at a higher temperature of 210 C. It is observed that the indentation affected zone has a mixed structure comprising amorphous phase, copper silicide -Cu 3 Si phase and nanocrystalline phase. Figure 7 (a) presents a high-magnification TEM micrograph of the microstructure in the upper region of (a) (b) Fig. 3 (a) Bright field TEM micrograph of as-deposited indented specimen; (b) High-resolution TEM micrograph of indentation affected zone in Fig. 3(a) .
27)
the indented zone (as indicated by arrow in Fig. 6(a) ). The micrograph clearly shows the presence of copper silicide -Cu 3 Si precipitates within the indented region. Comparing Figs. 7(a) and 5(a), it is evident that the density of the copper silicide -Cu 3 Si phase increases with an increasing annealing temperature. Figure 7 (b) presents a high-resolution TEM micrograph of the indentation affected zone in the specimen annealed at 210 C. From inspection, the -Cu 3 Si phases are found to have a lattice spacing of 0:201 AE 0:002 nm. Meanwhile, the Si matrix microstructure has a lattice spacing of 0:310 AE 0:004 nm, which is similar to that of a bulk Si (100) substrate (i.e. 0.3129 nm). 33) The results presented in this study reveal that the microstructure of indented specimens depends on the annealing temperature. For an as-deposited Cu/Si specimen indented to 2000 nm, the microstructure of the indented zone is characterized by amorphous phase. During the subsequent annealing process at 160 C, the indentation-affected zone contains a mixture of amorphous phase and copper silicide -Cu 3 Si phase. However, at annealing temperature of 210 C, the indentation affected zone has a mixed structure comprising amorphous phase, copper silicide -Cu 3 Si phase and nanocrystalline phase. It is obvious that the silicidation behaviour is more pronounced at the higher annealing temperature of 210 C. The increased presence of copper silicide -Cu 3 Si precipitates within the indented region can be attributed to the stronger diffusion effect induced by the higher temperature. The annealing process and diffusion activity can be explained by the classical Arrhenius equation.
34) The diffusion activity and diffusion reaction rate of the Cu atoms into the Si substrate both increasing annealing temperature. Fig. 4(a) .
Conclusions
This study commenced by investigating the nano-mechanical properties of as-deposited Cu/Si thin films indented to a maximum depth of 2000 nm. The indented specimens were then annealed at a temperature of either 160 C or 210 C, and the microstructures of the as-deposited and annealed samples were examined using transmission electron microscopy (TEM).
The results have shown that the loading and unloading regions of the load-displacement curves obtained in the nanoindentation tests have a smooth and continuous profile. Moreover, it has been shown that the present Cu/Si thin films have a maximum hardness and Young's modulus of 2.8 GPa and 143 GPa, respectively. The TEM observations have shown that for both the as-deposited specimens and the specimens annealed at a temperature of 160 C, the indentation process prompts a change in the microstructure within the indentation affected zone from a diamond cubic structure to an amorphous phase. However, at a higher annealing temperature of 210 C, the microstructure of the indentation affected zone contains a mixture of amorphous phase and nanocrystalline phase. The TEM observations have also shown that both annealed specimens contain copper silicide (-Cu 3 Si) phases. The density of these phases increases as the annealing temperature is increased. Overall, the present results show that the combined effects of the deformation induced during the indentation process and the heating effect induced during the annealing process have a significant effect on both the microstructural transformation within the Cu/Si thin film and the formation of copper silicide precipitates. 
